Abstract--The adsorption of trace quantities of Cu (3.89 • 10-6 to 3.00x 10-4 M) by a bentonite clay from calcium acetate solution was studied over the range of pH 4.27 5.87. The data were fitted to an existing adsorption equation and the 'best' values of the adsorption parameters were calculated. The proton, cupric ion and mono (hydro.xy) cupric complex were found to be the adsorbed species. The adsorption sites are of two types. It has been postulated that the majority of sites are lattice hydroxyl groups Iocated at crystal defects and edges. The remainder arise from organic matter adsorbed by the clay and are the more important in the adsorption of Cu at very low metal concentration and at pH < 5.4. The implication of the results on the potential use of bentonite clay to remove trace amounts of Cu from mine waste waters is considered briefly.
INTRODUCTION
has recently suggested the use of bentonite clay to reduce the concentration of undersirable trace metals such as Cu and Zn in mine waste water. The effectiveness of this method, however, decreases as the pH of the waste water drops below 5. Therefore, it was thought worthwhile to increase our understanding of the mechanisms of this adsorption process by evaluating quantitatively the effect of pH on the adsorption by bentonite Of metals such as Cu.
Although bentonite has exchangeable interlayer cations (Grim, 1953) , it can also concurrently adsorb trace quantities of metal; e.g. Cu (Heydemann, 1959) . studied the additional adsorption of Cu by a Ca-montmorillonite and concluded that the increment in exchange capacity is specific to a cation such as Cu and is due to the dissociation of hydroxyl groups in the octahedral aluminate layer. The extent of Cu adsorption found by , however, was 1-2 orders of magnitude higher than that in the present study. It cannot, therefore, be assumed that the proposed mechanism of hydroxyl dissociation is responsible, in toto, for the adsorption of Cu at the true trace levels of concentrations used herein. * Research Scientist. 9 Crown Copyrights reserved. t Indeed, one referee has pointed out that he has infra-red evidence that the structural hydroxyls are unperturbed in an air-dried Cu-montmorillonite.
The adsorption of Cu can occur only at structural. hydroxy!s which are accessible to the metal bearing solution. Hydroxyls located at edges or crystal defects are easily accessible but comprise only a small fraction of total structural hydroxyls. For the majority, it can be postulated that access is provided through silica net openings. However, since the entrance of the metal into the lattice would require the complete dehydration of the metal, access to all structural hydroxyls must be considered to be highly improbable because of the higher energy requirements in aqueous medium.'~ The presence of organic matter could be of importance in the adsorption of trace quantities of Cu by bentonite. Indeed, organic adsorption sites (e.g. phenol or carboxylic acid groups) would also exhibit a pH dependence.
The extent of adsorption of trace Cu increases with an increase in Cu concentration and with a rise in pH, due to the dissociation of the adsorption sites, and/or the formation of Cu(OH) + which, because of its single charge, is adsorbed to a greater extent than is Cu 2+ (Bower and Truog, 1940) . This latter observation may also be important for other singly-charged Cu complexes and, in particular, for Cu(Ac) § the mono (ace 7 tato) Cu(II) complex, which is the predominant Cu species in the calcium acetate solution.
To date, few data have been obtained in a systematic fashion to inter-relate quantitatively the effects of both copper concentration and pH on the adsorption by bentonite of trace quantities of copper. The available data have been presented in the form of either the Freundlich (Heydemann. 1959) and/or Langmuir (De 429 and Prasad, 1962) 
Because of the complexity of the mechanism of the adsorption of trace amounts of Cu by bentonite, it was felt that the application of the modified forms of the Boyd equation to the Cu adsorption data would be the most convenient (and effective) approach to obtain a better comprehension of the mechanism.
EXPERIMENTAL
The bentonite clay was obtained from Fisher Scientific Company. X-ray diffraction analysis of the sample indicated the presence of a trace of feldspar. The <2/~m fraction of the bentonite was obtained by gravity sedimentation, treated three times with 0-5 N calcium acetate and washed three times with de-ionized water. The removal of traces of calcium acetate is not necessary. The treated fraction was then dried at 60~ for 48 hr and the aggregated bentonite ground to -60 mesh. X-ray diffraction analysis showed no feldspar to be present. The clay was found to contain 0.07 per cent C by the combustion m6thod. This carbon was assumed to be organic matter. Hereafter, the terms 'bentonite' and 'clay' will refer to this < 2 pm fraction.
* It must be noted that Cu(Ac) + and Cu(Ac)z are probably partially hydrated but this has been omitted for simplicity.
A stock suspension of bentonite was prepared by diluting 10"00g of clay to 21. with de-ionized water. This material was stored, with occasional agitation, for 30 days in order to allow the 'coarse' -60 mesh aggregates to be broken down by the water.
The adsorption of Cu was studied as follows. A 25.00 ml aliquot of the stock suspension of clay, a 25.00 ml aliquot of a stock solution of calcium acetate and a 5.00 ml aliquot of a solution of suitable Cu and HNO3 concentrations were shaken together for 18 hr. In this manner, the analytical Cu concentration, Tc~, and the pH of the mixtures were varied from 3.89 x 10 -6 to 3"00 • 10-*M and from 4.27 to 5.89 respectively. The concentration of calcium acetate was 2.72 x 10-2M in all experiments. The clay was allowed to settle for 15 min and the clear supernantant liquid was then centrifuged to remove the last vestiges of clay. By this procedure, any effect of heating caused by centrifugation on the equilibrium was eliminated. The residual Cu concentration and pH of the supernatant liquid were determined as below.
For those experiments in which Tcu > 1.53 x 10-5 M, the residual Cu concentration was deiermined by atomic-absorption. For those samples in which Tcu < 1.53 x 10 s M, the bathocuproine method of Penner and Inman (1963) was used.
The pH of the supernatant liquid was measured with an Orion Model 801 pH-meter and Corning 476022 glass electrode.
The results of the adsorption experiments are given in Table 1 . Tcu is, of course, given in moles/1. CuZ, the amount of Cu adsorbed by the clay, is given in equivalents/2.27 g clay. The unit of 2.27 g clay was chosen because this is the weight of clay in 1 1. of mixture (i.e. clay suspension, plus calcium acetate solution and copper solution). This unit is very convenient in the calculations which follow. Each experimental result in Table l is the average of a minimum of three determinations.
All calculations were performed with the help of a CDC 6400 computer using programs written in this laboratory.
For two samples in which maximum adsorption of Cu was observed, the supernatant liquid was analyzed for Cr, Fe, Co, Ni and Zn but none was detected in either trial. It is apparent, therefore, that the adsorption of Cu does not occur by exchange with other trace metals previously adsorbed on the clay.
CALCULATIONS

Concentration of Cu species
In acetate solution, Cu is present as Cu(ttaO), z+, n = 4 or 6, Cu(Ac) + and Cu(Ac)2* where Ac repre- 
The charges of the species have been omitted for clarity. The values of the formation constants are available in the literature (Martell and Sillen, 1964) . The value of [OH] is, of course, calculated by
where a value of 10 14 is assumed for kw. 
where Tcu, Tea and Tac are the analytical concentrations of Cu, Ca and acetate respectively. For calcium acetate, Tac = 2Tea. It is assumed that the amounts of adsorbed Ac-and Cu(Ac) + are negligible compared to the other terms on the right-hand side of equation (12). At TAr = 5"44 x 10 -2 M, the maximum * Again, the degree of hydration of the Cu ion has been omitted for simplicity.
value of adsorbed Ac-is 2 x 10 -6 equiv./2"27 g clay (Bingham et aL, 1965) . Furthermore, even if it is assumed that all of the Cu adsorbed by the clay is in the Cu(Ac)* form, the omission of these two terms in equation (12) Table 2 .
There may be some question concerning the use of the pH of the bulk solution phase in the equilibrium calculations because, in fact, the acidity of the clay surface is greater (and, therefore, the pH is lower) than that of the bulk solution (Bailey and White, 1970) . This difference in acidity is very important in the adsorption of basic compounds. For acidic compounds, (e.g. acetic acid), however, it is the pH of the bulk solution (Frissel, 1961 ) that determines when positive adsorption occurs. The formation of Cu complex species is, of course, dependent on the pH of the bulk solution; e.g.
HAc ~ H + + Ac-, Cu 2+ + HAc ,~-CuAc + + H +, and Cu 2+ + H20 ~-CuOH + + H + It is reasonable to assume that the adsorption of such species would also be determined by the pH of the bulk solution.
Adsorption parameters
Two assumptions must be made in order to modify the Boyd equations for the adsorption of copper by bentonite. First, only the adsorption of protons and charged Cu complexes need be considered. Calcium species do not adsorb at the exchange sites under consideration ). Second, adsorbed acetate either does not affect the adsorption of Cu or, if it does, the effect remains constant over the pH range studied. This latter alternative is quite reasonable since the extent of acetate adsOrption is constant over the pH range 2-6 (Bingham et al., 1965) . A constant influence on the adsorption of Cu by adsorbed acetate becomes a systematic error in the data and will be reflected in the value of s, the total exchange capacity.
By combining equations (1 and 2) and modifying the component terms to represent all active species, the equation describing the adsorption of Cu 2 + is: 
It must be noted that, in fact, there may be more than one type of site. The adsorption of Cu can occur at structural hydroxyls, the two types of which have been already mentioned. where n = number of types of sites. A double weighting of the data was necessary to give satisfactory results in the calculation of the adsorption parameters. First, the reliability of Cus, the residual total Cu concentration, is not the same for all data points. Cu~ is the average of at least three determinations and, thus, the reliability of Cu~ is determined by the precision of the mean.
The use of calibration curves in the methods employed to measure Cus in this study, however, can impose errors that have the effect on lowering the attainable precision. For those values of Cu s determined by atomic adsorption, a precision of + 3 x 10-VM for Tcu< 1.08 x 10 4M was estimated. For Tcu= 1.51 x 10-4 M and 3.00 x 10-4M, the precision was estimated to be +_6 x 10-TM and _+ 9 x 10-7M respectively, because either sample dilution or scale compression of the instrument was necessary to determine Cu~. For those values of Cu s determined by the bathocuproine method, the precision was estimated to be + 8 x 10-s M.
To take into account the reliability of the data, a weighting factor was calculated by
Since there is approximately a thousand-fold change in Cu~ but only a ten-fold change in the precision of the data, equation (20) in effect gives a greater weighting to data at high Tc,; i.e. high CuZ.
The second weighting of the data is a consequence of the variation in the sensitivity of CuZ to changes in Cu~. As Tc, increases, CuZ also increases but in a nonlinear way. The result is that CuZ becomes more and more insensitive to changes in Tc, and, therefore, less and less useful in the s~lection of the most satisfactory mathematical model. The preferential use of CuZ data at low Tc, is required. This was done by weighting the data according to
The total weight given to each data point, therefore, is w = wr.w~. 
For any set of values of Qt ~ and 6Q~, the sum of the squared residuals for n data point is U= w i CuZ/-F ~ Z 6Qt
where wi is the weight to be assigned to each data point. Those values of 6Qz which minimize U must be determined. The 'best' values for the adsorption parameters, Ql, will then be given by QO + 6Qz.
The mode of calculation of the 'best' values of Q~ is closely related to an existing relaxation technique (Watkins and Jones, 1961) . Estimates of all Q~ (i.e. Qz ~ were made. A shift, ~Q1, was applied to Q0 until U was minimized. Herein, all fiQz, l = 2, 5 N, were set at zero. The newly calculated value of Q1 (i.e. Q0 + 3Ql) was retained in subsequent calculations. A shift, 6Q2, was applied to QO and U was again minimized. The new value for Q2 (i.e. Q2 + 3Q2) was retained. Herein, all fiQz, l = 2, 5 N were set at zero. This procedure was re= iterated until a new and "better" value was obtained for each Qv Using these new values of Qt as estimates, the scheme of calculation was repeated until a set of values of Q, was found that did indeed minimize U. This method generates a hyperplane defined by QO and fiQ,, l= 1, 5 N, and U. Since the generation of the hyperplane depends on QO, it is possible that 'best' values of Qt of questionable reliability can be obtained at times. This behavior has also been detected in more rigorous methods for solving mathematicai models that are non-linear in the desired constants (Rosotti et al., 1971) . It is important, therefore, that 'best' values of Qt be calculated using several values Of QO. The true 'best' values of Q, are those for which the hyperplanes are co-incident to give a minimal value of U.
RESULTS AND DISCUSSION
The 'best' values of the adsorption parameters are summarized in Table 3 . The mathematical model which describes the adsorption of trace amounts of copper most satisfactorily, therefore, is
The calculated values of CuZ are plotted against the experimental values in Fig. 1 the adsorbable species was use in Calculations. The values of these constants, shown in Table 3 , therefore are valid only for the experimental conditions used in this study. Nevertheless, the values of b j, are very useful for a clarification of the mechansim of the adsorption of Cu. One surprising feature of the results is that Cu(Ac) + is not adsorbed, at least to a detectable extent, by the clay. Acetate, therefore, acts essentially as a complexmg agent to reduce the concentration of adsorbable Cu species, such that the saturation of the clay by Cu If this were the case, it can be calculated that log bx,2 must be less than 7.25.
An insight into the nature of s 1 and s2 can be obtained by consideration of the relative values of b~:. The parameters, bj.a, ~,~/2 hl/2 "~.2 and ,j, 4, are related to the free energy of adsorption of the cations, Cu z+, Cu(OH) + and H § respectively (Boyd et al., 1947) . If, however, sj is a dissociable OH group, the adsorption of the cations leads to a true chemical complex. The parameters, bj 1, !.,1/2 1/2 , "j,2 and b j,4, therefore, are, in effect, formation (or stability) constants. The value of these constants is determined to a large extent by the strength of the bond between the cation and the Odonor atom.
It is reasonable to assume that both sl and s2 are OH groups, either the hydroxyls of the aluminate layer or carboxylic and phenolic groups of organic matter.
The value v, ,~ .4 and -z,4 is a measure of the basicity of 02 atoms. Since bl(,~ > b~(], the oxygen atoms of sa are more basic than those of s2. The relationship between donor atoms basicity and complex stability (Martell and Calvin, 1952) requires that bl, 1 > bz,1 and bl!22 > b12(~. This relationship is not observed. It can be concluded, therefore, that the difference in the nature of sl and s2 cannot be attributed to basicity alone. In view of the available alternatives, it would seem most realistic to conclude that one of sl and s2 be assigned to the edge and crystal defect hydroxyls of the octahedral aluminate layer and the other to organic matter adsorbed on the clay particles.
It has been concluded from the following evidence that s2 represents the adsorbed organic matter, First, fulvic acid adsorbed by montmorillonite has an apparent pK, of 4-5 (Schnitzer and Khan, 1972) . It is highly probable that the pK of the same functional groups in other organic matter will be very close to 4-5 also. The value of pK of s2, given by 1/2 log bz,,, is 4.64 whereas that of sl is 5.41. The greater affinity for Cu of s 2 compared to s~ can be rationalized in terms of chelate rather than complex formation. Chelation is the predominant reaction in Cu-organic matter systems (Schnitzer and Khan, 1972) . Chelate formation between Cu and lattice hydroxyls must be highly improbable because of stuctural restrictions. Third, the magnitudes of sx and s 2 suggest that s2 is organic in nature. It can be calculated (using the weight of clay per 1. of suspension, carbon content and the magnitudes of s 1 and s2) that, at saturation, the C:C'u ratio is ~4:1 at sl and ~16:1 at s2. The ratio of sl would seem unrealistic in comparison to known Cu~rganic matter systems (Schnitzer and Khan, 1972) . The relationship between the percent of total Cu adsorbed due to s2 and pH is shown in Fig. 2 for several values of Tc,. It is evident that the more important site in the adsorption of trace quantities of copper at pH < 5.40 and low values of Tcu is s2. Even at Tc, = 1"50 x 10-SM (0-972ppm Cu2+), adsorption of the metal occurs predominantly at s2 over the pH range studied herein. This value of Tc, is, in general, much larger than that found in mine waste waters. It is immediately apparent that the effectiveness of bentonite for adsorption of copper from mine water is dependent on the magnitude of s 2. Therefore, if sz does represent organic matter adsorbed by the clay, it is suggested that bentonite as heavily loaded with organic matter as possible be used to adsorb trace quantities of Cu and other undesirable metals such as Zn 2+ and Pb z+ from mine waste waters.
